Abstract-We propose a control framework for the bilateral teleoperation between a single master robot and multiple cooperative slave robots with communication-delay in the master-slave communication channel. Using passive decomposition, we first decompose the dynamics of multiple slaves into two decoupled systems while preserving energetic passivity: the shape system describing cooperative grasping aspect, and the locked system representing overall behavior of the multiple slaves. Then, by locally controlling the decoupled shape system with the cancellation of disturbances on it, secure and tight (and possibly fixtureless) cooperative grasping can be achieved regardless of the communication-delay and human command. We also construct a bilateral teleoperation loop between the master and the locked system s.t., by operating the master, a human operator can control the overall behavior of the multiple slaves and the grasped object while perceiving environmental forces acting on them. Scatteringbased communication is used to passify the master-slave communication-delay. By exploiting the passivity property of the decomposition and scattering-based communication, energetic passivity of the closed-loop system can be ensured, thus, interaction stability and safety are improved significantly. In a companion paper [1], simulation and semi-experiment (i.e. real master and simulated slaves) are performed to illustrate properties of this proposed framework.
I. INTRODUCTION
In this paper, we consider bilateral teleoperation between a single master and multiple cooperative slave robots over delayed communication network. We are particularly interested in applications where the multiple slave robots not only coordinate their motions (e.g. robotic network as a surveillance sensor network) but also perform cooperative manipulation and grasping of a common object. See figure  1 for an example. In this paper, we call such system SMMS (single master multiple slave) system. Such SMMS systems hold eminent promises for numerous applications where 1) the required level of manipulation dexterity, mechanical strength, robustness to single point failure, and safety (e.g. distributed kinetic energy) cannot be simultaneously achieved by a single robot; and 2) human intelligence is necessary for successful execution of given tasks, but it is not desired or even impossible to send humans on site. One example of such applications is the cooperative construction/maintenance of space structures (e.g. international space station, Hubble telescope).
To be successful, the SMMS system should possess the following capabilities and properties: 1) Abstraction: A human should be able to control the multiple slaves by operating a master robot of reasonably small degree-of-freedom (DOF). Without this abstraction, * Research partially supported by the Office of Naval Research under grant N00014-02-1-0011 and N00014-05-1-0186, the National Science Foundation under grants IIS 02-33314 and CCR 02-09202, and the College of Engineering at the University of Illinois. E-mail: d-lee@control.csl.uiuc.edu, m-spong@uiuc.edu. the human's attention would be distracted and s/he couldn't perform tasks efficiently and comfortably; 2) Haptic Feedback: By providing better perception on the work environment, this capability would enable humans to impose her/his intelligence on the task and adjust manipulation strategy more efficiently. This force reflection would be even more useful when other sensory information (e.g. video or audio) is blocked out or unavailable; 3) Grasping Safety: To avoid any danger entailed by dropping of objects, the grasping should be maintained with high precision regardless of the communication delay and human command. This secure and tight grasping would be even more crucial in fixtureless manipulation, where no fixture is available to ensure rigid couplings between the slaves and the grasped object; 4) Safe and Stable Interaction: The SMMS system should interact with humans and work environments safely and stably. One way to achieve this is to enforce energetic passivity (i.e. passive with the mechanical power as the supply rate [2] ) of the closed-loop SMMS system. Then, following [3] , interaction between the SMMS system and any passive environments/humans will be stable and safe.
Many successful control schemes have been proposed for the SMSS (single master single slave) systems: for linear teleoperators [4] , [5] , [6] , for nonlinear teleoperators [7] , [8] and for delayed teleoperation [9] , [10] , [11] , [12] . However, reported works on multirobot teleoperation are relatively rare. Moreover, most of them are not suitable for the SMMS systems considered in this paper. In [13] , [14] , control schemes were proposed for the MMMS (multiple master multiple slave) systems, where one human operator is assigned to each slave robot. Thus, we may need a vast number of human operators if the task requires many slave robots. In [15] , [16] , [17] , control schemes are proposed only for the motion coordination of the SMMS system. Thus, it is not clear how cooperative manipulation and grasping can be achieved with those schemes.
Numerous control schemes have also been proposed for multirobot cooperation, and the majority (e.g. Hybrid Position/Force Control [18] and Impedance Control [19] ) are based on the "rigid grip condition" i.e. the internal grasping shape among the multirobot is somehow maintained rigidly. However, requiring such rigid grip condition would limit possible applications of the SMMS systems, since 1) the grasping shape itself needs to be controlled in some applications; 2) the rigid grip is usually not achievable unless rigid fixtures are available and the objects are rigid; and 3) passivity is not generally ensured with the cancellation of only the second fundamental form, which is necessary for internal force control.
In this paper, we propose a semi-autonomous bilateral teleoperation framework for the SMMS system. Utilizing passive decomposition [20] , [21] , we first decompose the dynamics of the multiple slave robots into two decoupled systems while enforcing energetic passivity: the shape system describing the cooperative grasping aspect, and the locked system abstracting the overall behavior of the multiple slave robots (and the grasped object).
Then, by locally controlling the decoupled shape system with the cancellation of disturbances acting on it, secure and tight (and possibly fixtureless) cooperative grasping can be achieved regardless of the communication delay and human command. We also construct a bilateral teleoperation loop between the master robot and the locked system s.t., by operating the master with a manageably small DOF, humans can teleoperate the overall behavior of the multiple slaves and the grasped object while perceiving combined environmental forces on them. To passify the master-slave communication delay, we utilize scatteringbased (or wave-based) communication [9] , [10] , [11] in this bilateral teleoperation.
By exploiting the passivity property of the passive decomposition and scattering-based communication (with a passive implementation of the shape system's disturbance cancellation), the proposed scheme also enforces energetic passivity of the closed-loop system. Therefore, interaction safety and stability are improved significantly.
The rest of this paper is organized as follows. Problem formulation is given in section II and the passive decomposition is presented in section III. Then, local grasping control and scattering-based teleoperation are designed in section IV for the shape and locked systems, respectively. Section V contains some concluding remarks. In our companion paper [1] , simulation and semi-experiment (i.e. real master and simulated slaves) are performed to illustrate properties of the proposed framework.
II. PROBLEM FORMULATION A. Plant Model and Communication Structure
We consider the following m-DOF dynamics of the master robot and n i -DOF dynamics of the i-th slave robot:
where i = 1, .., N , and q , T , F ( ∈ {h, i}) are the m (or n i ) dimensional configuration, control (to be designed), and human/environmental force, respectively. Also, M (q ) and C (q ,q ) are m × m (or n i × n i ) inertia and Coriolis matrices s.t. M (q ) is positive-definite and symmetric anḋ M (q ) − 2C (q ,q ) is skew-symmetric. Let us denote the total DOF of the N slave robots (2) by n := N i=1 n i . Then, the group dynamics of the N slave robots can be written as
where
n×n . From the property of (2), M (q) is symmetric and positive-definite, anḋ
We suppose that the DOF of the slaves is larger than that of the master, i.e. n ≥ m. We also suppose that suitable bilateral power/kinematic scalings have been already embedded in the master and slave dynamics (1)- (2) as in [6] , with which different sizes/strengths between the master and slave environments can be matched. We also assume that a centralized communication and computing (C&C) module exists for the slave robots, which communicates with the slaves and computes control commands for them with negligible C&C delays, and also communicates with the master over the delayed communication (see Fig. 2 ). This assumption would be reasonable for such applications where workspaces of the slaves are close to each other but far from that of the master (e.g. space construction).
B. Grasping Shape Function
We suppose that, for a given task objective, the internal grasp shape among the slave robots (3) can be specified by a (n−m)-dim. holonomic constraints q E :
n → n−m on their ambient configuration space (i.e. n ). We also assume that this constraint q E is smooth and its Jacobian is fullrank (i.e. q E is a smooth submersion [22] ). We call such a holonomic constraint a grasping shape function. Then, for cooperative grasping, a desired grasp shape can be achieved by enforcing the following condition
where q d E ∈ n−m is a (constant) desired grasping shape. By designing the condition (4) s.t. a flexible object is surrounded and deformed by the slave robots, fixtureless cooperative grasping would also be achieved. The desired grasping shape q d E in (4) can also be time-varying. However, in this paper, for brevity of presentation, we confine out attention to a constant q d E .
One example of such a grasping shape function is q E = x 1 − x 2 ∈ for two 1-DOF slave robots moving on x-axis and having x i as its position. Then, if we achieve (4) with q d E = L, the two robots will form a rigid rod specified by L. Thus, fixtureless grasping of a flexible object could be achieved by choosing L to be small w.r.t. the object's size. In this case, the value of L would also determine the internal force generated by the object's deformation.
C. Semi-Autonomous Teleoperation Architecture
In many applications, dropping of the grasped object could result in dangerous situations (e.g. breakage of objects or damage to the surrounding parts). To ensure secure and tight grasping regardless of the communication delay, we choose semi-autonomous teleoperation architecture: cooperative grasping (both the grasping shape and the internal force) is achieved by a local grasping controller, while the overall motion of the multiple slaves and the grasped object is teleoperated by humans over the delayed communication. Then, adverse effects of the communication delay would be confined in the teleoperation and not affect the grasping aspect.
D. Energetic Passivity
For safe interaction and coupled stability, we would like to enforce energetic passivity for the closed-loop SMMS system: there exists a finite constant d ∈ s.t.
i.e. the maximum extractable energy from the closed-loop SMMS system is always bounded. See Fig. 2 . In many practical applications, slave environments are energetically passive (e.g. pushing against a wall or grasping a ball) and also humans' mechanical impedance is indistinguishable from that of passive systems [23] . Therefore, from the well-known fact that a feedback interconnection of passive systems is necessarily stable [24] , energetic passivity (5) will ensure coupled stability in the sense of bounded velocities and forces [3] , [12] . With this energetic passivity (5), the closed-loop SMMS system would also be potentially safer to interact with, since possible damages on environments/humans would be limited as the maximum extractable energy from it is always bounded.
Let us also define controller passivity condition [20] : there exists a finite constant c ∈ s.t.
i.e. the combined energy generation by the master and the slave controllers in Fig. 2 is always limited. The following proposition can be easily proved by using the skew-symmetric property of the dynamics (1) and (3). For a detailed proof, refer to [21] , [25] .
Proposition 1
For the SMMS system (1) and (3), controller passivity (6) implies energetic passivity (5) of the closed-loop SMMS system.
This proposition 1 enables us to analyze energetic passivity (5) of the closed-loop SMMS system by examining only its controller structure which is often simpler than that of the closed-loop dynamics. Furthermore, by enforcing controller passivity (6), energetic passivity (5) will be guaranteed robustly (i.e. robust passivity [7] ), since the controller passivity condition does not depend on the parameters of the plant (1) and (3).
III. DECOMPOSITION OF MULTIPLE SLAVE ROBOTS
In this section, using the passive decomposition [20] , [21] , we decompose the n-DOF dynamics of the multiple slave robots (3) into two decoupled systems while enforcing energetic passivity: the (n − m)-DOF shape system describing the cooperative grasping aspect, and the m-DOF locked system representing the constrained dynamics of the multiple slaves under a fixed grasp shape. For more details on the passive decomposition and its geometric property, we refer readers to [20] , [21] .
Let us define the current m-dim. submanifold H qE (t) := {p ∈ n |q E (p) = q E (q(t))} in the n-dim. configuration space (i.e. n ) of the multiple slave robots (3). This H qE (t) exists ∀t ≥ 0, since q E in (4) is a smooth submersion [22] . We also denote the tangent space of the multiple slaves by T q M. This T q M is identified by n in (3), asq ∈ n . Then, we can define the following two subspaces of T q M: (3)). Then, since T q M(= n ) is a vector space endowed with M (q) as its Riemannian metric, T q M splits into the direct sum of ∆ (q) and ∆ ⊥ (q), i.e. [26] . Also, this decomposition can be defined ∀q ∈ n , since the m-dim. H qE (q(t)) exists ∀q(t) ∈ n (i.e. ∆ and ∆ ⊥ are m-dim. and (n−m)-dim. regular distributions, respectively).
Then, the velocityq of the multiple slaves (3) can be decomposed s.t.q = v + v ⊥ where v , v ⊥ are the projections ofq into ∆ (q), ∆ ⊥ (q), respectively. This decomposition can be written by the following expression:
where v L ∈ m , v E ∈ n−m identify v , v ⊥ , respectively. We call them velocities of locked and shape systems. Also, S −1 (q) is a (non-singular) decomposition matrix s.t. α(q) ∈ n×m , β(q) ∈ n×(n−m) are given by α(q) :=ᾱ(q)α(q), and β(q) :=β(q)β(q), (8) where the columns ofᾱ(q) ∈ n×m andβ(q) ∈ n×(n−m) are the basis of ∆ (q) and ∆ ⊥ (q) satisfying the following conditions:
and the permutation/scaling matricesα(q) ∈ m×m and β(q) ∈ (n−m)×(n−m) are designed to be
where M L (q) ∈ m×m is a user-specific locked system inertia matrix. Choice of this M L (q) would be applicationdependent (e.g. the sum of all agents' inertias [7] ). Here, Then, using (7)- (11), we can show that
i.e. the shape velocity v E is the time-derivative of the grasping shape function q E (t). Also, from (7), we can see thatq(t) will be completely specified by v L (t) if v E (t) = q E (t) = 0 (i.e. v L (t) describes the constrained motion of multiple slaves). From the orthogonality condition (9), we can also show the following inertia-diagonalizing property:
where M L (q) is the user-specific locked inertia (10). We define compatible transform of the decomposition:
Then, using (7)- (13) and the definition
the slaves' dynamics (3) can be partially decoupled s.t.
We call the (n − m)-DOF system in (17) shape system which explicitly describes the grasping aspect having q E (t) as its configuration. Also, we refer the m-DOF dynamics in (16) as locked system which represents overall dynamics of the multiple slave robots with a fixed grasping shape q E (t). Here, F L and F E represent the combined effects of the environmental forces on the overall motion of the slave robots, and the internal grasping force, respectively. (16) 
Proposition 2 The partially decomposed dynamics
definite. 2)Ṁ L (q) − 2C L (q,q) andṀ E (q) − 2C E (q,q) are skew- symmetric. 3) C LE (q,q) + C T EL (q,q) = 0.
4) Kinetic energy and the total environmental/control supply rates are decomposed into sum of those of the locked and shape systems s.t.
1 2q
(with Eq. (19) also hold for the control supply rate T Tq ).
Proof: Item 1 is a direct consequence of (13) . Using (13), (15) , andṀ = C + C T , we can show that
where the last line is skew-symmetric. Thus,Ṁ L −2C L anḋ M E − 2C E should be skew-symmetric and C LE = −C T EL . This proves items 2 and 3. Also, from the inertia block-diagonalizing property (13) and the definition of the compatible transform (14) , item 4 can be readily proved. (16)-(17), the locked and shape systems will have dynamics reminiscent of usual robotic dynamics. The unique and powerful property of the passive decomposition is that this decoupling control is energetically conservative, as shown by (from item 3 of proposition 2):
Thus, if we cancel out the coupling terms
This equality, with the supply rate decomposition (item 4 of proposition 2), implies that the decoupling doesn't generate (or dissipate) any mechanical power.
When q E = c, the locked system dynamics (16) and C EL (q,q)v L become the constrained dynamics on H c := {p ∈ n |q E (p) = c} and the second fundamental form, respectively [26] , while other terms vanish withq E = 0. In numerous multirobot cooperation control (e.g. [18] , [19] ), this second fundamental form is cancelled out to regulate the internal grasping force while the constrained dynamics on H c is controlled to manipulate the grasped object. However, from (20), we can see that the cancellation of only the second fundamental form (i.e. only the term C EL (q,q)v L ) might violate passivity if v E (t) = 0 (e.g. fixtureless grasping of deformable objects).
In contrast to the shape system, the locked system generally does not have a well-defined configuration (i.e. there does not exists [21] . Thus, its position control is generally not feasible, although its velocity control is readily achievable. However, when q E (t) = c, a m-DOF parameterization of H c can serve as its configuration. Therefore, the position control of the locked system would be possible, once we achieve a constant grasping shape before it.
IV. CONTROL DESIGN

A. Local Decoupling Control Design
Incorporating decoupling control, we design the locked and shape system controls T L , T E in (16)-(17) (i.e. T in (3) via (14)) s.t.
where T E ∈ n−m will be designed in section IV-B for the cooperative grasping, and T L ∈ m will be designed in section IV-C to enable a human operator to teleoperate the locked system over the delayed communication.
Considering that the semi-autonomous teleoperation architecture consists of the grasping control and the bilateral teleoperation, let us define 1) grasping passivity: there exists a finite scalar c E s.t.
and 2) teleoperation passivity: for a finite scalar c Lh , Then, using the supply rate decomposition (19) and passive decoupling property (20) , we can easily show that controller passivity (6) will be ensured if the grasping control T E and teleoperation control (T L , T h ) are designed to satisfy their respective passivity conditions (22)- (23).
B. Local Grasping Control Design
With the decoupling control in (21), the shape system dynamics is given by the following (n−m)-DOF dynamics:
where F E is the internal grasping force, and T E (t) is the grasping control to be designed. Considering the condition (4), we design T E (t) to be
where q d E is the desired grasping shape in (4), and
(n−m)×(n−m) are symmetric and positivedefinite PD (proportional-derivative) gains. Then, we would be able to control the internal force F E by adjusting the P-gain K E p and/or the desired shape q d E in (25) . The PD-based control (25) , however, would not be suitable for applications where high precision of the grasping is crucial. This is because of the term F E in (24) through which the behavior of the object can still perturb the shape system (e.g. inertial force), although its dynamics is decoupled by the decoupling control. For such applications, we incorporate FF (feedforward) cancellation of F E s.t.: (26) where F E (t) is the estimate of F E (t) in (24) .
The FF-based control (26) does not generally ensure grasping passivity (22) , because energy generation by the FF-term (i.e. t 0 F T E (θ)q E (θ)dθ) might be unbounded (e.g. corrupted force sensing). Thus, to enforce grasping passivity (22), we implement this FF-term in some passive implementation structures (e.g. fictitious flywheel [6] or PI/PO [27] ) which, roughly speaking, automatically switch off the FF-term when it generates energy more than a prespecified value. Note that the remaining PD-based control (25) is inherently passive. For more details on these passive implementations, refer to [6] , [27] .
C. Scattering-based Teleoperation
With the decoupling control in (21), the locked system dynamics is given by the following m-DOF dynamics:
where v L (t) describes the overall motion of the multiple slaves, and F L represents the combined external force acting on the total slave group. Utilizing scattering-based communication and local impedance controls (i.e. velocity inputs and torque outputs), we construct a symmetric bilateral teleoperation loop between the master and locked systems (see Fig. 3 ). One advantage of this symmetric structure is that impedance matching [10] (or matching condition [11] ) can be achieved s.t. wave reflections at junctions between the communication and scattering blocks can be reduced.
Adopting notations from [11] , we define scattering variables for the symmetric architecture in Fig. 3 :
where Z ∈ m×m is the (positive-definite and symmetric) comm. line impedance matrix with
are the control outputs and the desired velocity set-points for the local impedance controls, respectively (will be designed below). We call s
outgoing and incoming scattering variables, respectively. These outgoing variable s + and incoming variable s − ( ∈ {L, h}) represent the scattered power at the scattering blocks in its incident (to the communication line) and reflected (from the communication line) directions, respectively. See Fig. 3 . Then, the scattering-based communication is given by
where τ ≥ 0 is a constant time-delay. Then, considering causality of the local impedance controls and the communication law (28), outputs and inputs of the scattering blocks are given by (s 
i.e. the amount of energy extracted from the combined scattering and delayed communication blocks is lower bounded by zero (i.e. delayed communication is passified).
The following lemma is a direct consequence of (29). Fig. 3 are designed to be energetically passive individually: there exist finite scalars c L , c h , s.t. ∀t ≥ 0, ∈ {L, h},
Lemma 1 Suppose that the local impedance controls in
where we set [10] .
One example of such impedance controls which contain no time-derivative of v d and satisfy passivity condition (30) is the following PI (proportional-integral) control with damping injection: with ∈ {L, h},
, (31) where v e := v − v d , and K d , K v , K p are the m-by-m (positive-definite and symmetric) injected damping, P-gain, and I-gain matrices, respectively. Here, we set T h := T h for notational convenience Then, computing (s + + s − , s + − s − ) with (31) and eliminating v d , we can show that
∈ {L, h}. Thus, the matching condition [11] (i.e no direct feed-through of s − in s + ) can be achieved by setting K v = Z in (32), since φ(t) in (32) doesn't have any direct feedthrough of s − in it. This is because, from the dynamics (1) and (27) , the relative degree with v as the output and s − as the input is always larger than 1. As shown in [25] , with this matching condition, position coordination of the teleoperation can also be ensured, i.e. q h (t)− t 0 v L (θ)dθ → 0 when F L (t) = F h (t) = 0. For more details on the role of the matching condition on the position coordination and force reflection of the teleoperation, refer to [25] .
V. CONCLUSION In this paper, we propose a control framework for the bilateral teleoperation of multiple slave robots with communication-delay in the master-slave communication channel. The proposed scheme can ensure a secure and tight (and possibly fixtureless) cooperative grasping among the slaves regardless of human command, communication delay, and behavior of the grasped object. Under the proposed framework, by operating the master robot of a manageably small DOF, a human operator can teleoperate the overall behavior of multiple slave robots and the grasped object while perceiving environmental forces acting on them. The proposed control framework also enforces energetic passivity of the closed-loop system, thus, interaction safety and coupled stability are enhanced substantially. The proposed control framework would be promising for many important applications where 1) many slave robots are required to cooperatively manipulate unknown (but energetically passive) objects with a high grasping precision; and 2) the workplace is located in a remote and uncertain environment so that human intervention is crucial for successful task completion but it's not feasible to send her/him on site. In the companion paper [1] , we perform simulation and semi-experiment (i.e. real master and simulated slaves) to illustrate properties of the proposed framework.
